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© Pacemaker with means for preventing false pacemaker PVC response. 

© An implantable pacemaker having means for detecting and responding to a premature ventricular contraction 
(PVC) also includes circuit means for minimizing the likelihood of sensing a PVC when in fact a PVC has not 
occurred. The circuit means latches the occurrence of any atrial events (86) sensed during the relative atrial 
refractory period (ARP) of the pacemaker, whether such atrial events are noise or an early P-wave (86) and, in 
response to such latching (88) disables the PVC detection circuit until certain prescribed events occur, 
whereupon the PVC detection circuit is re-enabled. The prescribed events that re-enable the PVC detection 
circuit after it has been disabled include, e.g., the occurrence of a ventricular pulse or sensed R-wave. Further, in 
the event a PVC is detected and a desired PVC response is invoked, an additional circuit means automatically 
terminates the PVC response in the event the PVC response becomes stuck. 
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pacemaker for assuring that when a true PVC does occur, i.e.. two consecutive ventricular events without an 
intervening atrial event, a pacemaker response results, if needed, that leads the heart back to its normal AV 

synchrony. , . . . , , 

The normal sequence of events in a cardiac cycle begins with a stimulation pulse provided by the 

s sinoatrial (SA) node of the right atrium, which stimulation pulse causes the atria to contract, i.e., causes the 
P-wave (For this reason, the SA node is frequently referred to as the heart's natural pacemaker, as it sets 
the pace or rate at which the heart naturally beats.) As has been indicated, the P-wave is the result of the 
atria (both left and right atrium chambers) depolarizing and thus producing atrial contraction. When a dual 
chamber pacemaker is employed, this P-wave is detected by the pacemaker's sense amplifier via an atria 

w lead located in the atrial chamber of the heart. The P-wave depolarization then conducts through the AV 
node of the heart into the ventricles. As it does so. it is naturally delayed an appropriate amount, typically 
between 100 and 200 milliseconds, to allow the blood (being pushed from the atria by the contraction of the 
atria) to fill the ventricles. As the depolarization stimulus travels towards the ventricles, ventncuar 
depolarization occurs. The QRS-wave is the result of this depolarization and thus represents ventncular 

, 5 contraction (which contraction pushes the blood from the ventricles to other parts of the body). This 
ventricular depolarization is also detected by the pacemaker's sense amplifier via a ventricular lead located 
in the ventricular chamber of the heart. It is sensed as an R-wave. When sensed, the pacemaker resets its 
timing circuits and inhibits the next scheduled pacer pulse to the ventricles. This cycle of events repeats 
when the SA node, after a period of recovery from the last depolarization, starts another cycle of a P-wave 

20 followed by an R-wave, and so on. If, at any point in the cycle, a P-wave or R-wave is not sensed, then the 
pacemaker provides an appropriate stimulation pulse in order to maintain the synchrony of the heart. 

Unfortunately a PVC does not follow the above-described normal cycle of events because a ventricular 
event, i.e., an R-wave, is premature, happening before the next atrial event, e.g., P-wave. It is thus important 
for the pacemaker to reliably detect a PVC and to distinguish this event as unique. Otherwise, the 

25 pacemaker would respond by, e.g.. resetting the timing circuits of the pacemaker in a manner that 
precludes sensing of a subsequent P-wave or R-wave. which action could cause A-pulses or V-pulses to be 
generated at inappropriate times, all of which could significantly disrupt the AV synchrony of the heart. 
Many of these problems resulting from the occurrence a PVC in a patient with a dual chamber pacemaker 
are described more fully in applicant's prior patent. U.S. patent 4.788.980. which patent is mcorporated 

30 herein by reference. . , , ■ „_ 

Recognizing this problem, it is common in the art for programmable dual chamber pacemakers to 
change the timing of the next cardiac cycle following the sensing of a PVC. which changed timing might 
include the extension of the atrial refractory period. (The atrial refractory period, as explained more fully 
below is that period of time subsequent to the generation of a stimulation pulse or the sensing of 
depolarization during which no cardiac events are sensed.) This is done to avoid sensing retrograde 
conduction. Retrograde conduction, as explained in the referenced patent, is a condition where the 
depolarization of the ventricles propagates backwards into the atria, causing the atria to depolarize, which 
atrial depolarization in turn propagates through the AV node into the ventricles, causing the ventricles to 
depolarize. If retrograde conduction originating from a PVC continues over several cardiac cycles, a 
tachycardia may result. (A tachycardia is a very rapid rhythm or rate of the heart.) 

Where a pacemaker is employed, operating in either the DDD or VDD modes, common operating 
modes for a patient having an abnormal AV conduction path, the pacemaker itself may cause the 
tachycardia by tracking each P-wave caused by the retrograde conduction, and providing a ventricular 
stimulation pulse a programmed P-V delay thereafter. The pacemaker thus provides the forward conduction 
path (from the atria to the ventricles) electronically by tracking each P-wave and generating a V-pulse 
(ventricular stimulation pulse) if no R-wave is sensed within a prescribed time thereafter (the programmed 
P-V delay) The reverse or backward conduction path (from the ventricles to the atria) is provided by 
retrograde conduction originating with the depolarization of the ventricles, which depolarization occurs as a 
result of the V-pulse. Thus, retrograde conduction passes the ventricular depolarization back to the atria, 
causing the atria to depolarize (resulting in a retrograde P-wave), and the process repeats. This is known as 
a Pacer Mediated Tachycardia, or PMT. Unfortunately, the occurrence of a single PVC can reset the 
pacemaker timing in a manner that allows the pacemaker to begin tracking retrograde P-waves. causing a 
PMT to occur. Hence, it is critically important that the pacemaker reliably sense a PVC and take appropriate 
action to prevent a PMT from being triggered. 

One response to a PVC known in the art is for the pacemaker to revert to a DVI mode of operation for 
one cycle. (For an explanation of the various pacemaker modes. DDD. DDI. DVI, Wl, etc., see. e.g.. U.S. 
Patent No 4 712 555.) This response, in effect, turns off the atrial sense amplifiers for one cycle. Thus, 
subsequent to the detection of the PVC, no P-waves can be sensed by the pacemaker because the 
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wave is considered as a "PVC" by the pacemaker PVC detection circuits. 

What is needed, therefore, is a system for responding only to true PVC's, i.e., two sequential cardiac 
ventricular events without an intervening cardiac atrial event, and that minimizes the likelihood that a 
pacemaker will interpret a non-PVC as a PVC because the pacer fails to sense the intervening atrial event 
5 Further, once a true PVC is detected, a response is needed that minimizes the likelihood of triggering a 
PMT, and that guides the heart back to its normal AV synchrony. Finally, a PVC response system is 
needed that assures the PVC response will terminate when appropriate, i.e., that the PVC response will not 
become stuck. The present invention advantageously addresses these and other needs. 

70 Summary of the Invention 

In accordance with one aspect of the present invention, an implantable pacemaker, having means for 
detecting and responding to a premature ventricular contraction (PVC), includes circuit means for prevent- 
ing the PVC detection means from providing a false PVC response. A "false PVC response, " for purposes 

75 herein, is defined as a response to a sensed PVC that doesn't solve, or makes worse, the problems created 
by the occurrence of the events sensed as the PVC. Thus, interpreting certain events as a PVC, when in 
fact a true PVC has not occurred, and providing a certain pacemaker response as a result of this 
interpretation that is not needed (because no PVC really occurred) is one form of a false PVC response. 
One manner in which the present invention avoids false PVC responses is by maximizing the likelihood that 

20 a true PVC has occurred before any PVC response is triggered. 

In accordance with another aspect of the invention, a pacemaker having PVC detection and response 
means further includes PVC response termination means for terminating a PVC response in the event the 
PVC response becomes stuck. 

A preferred approach for maximizing the likelihood that a true PVC has occurred before a PVC 

25 response is initiated is to track P-waves that occur during the relative atrial refractory period of the 
pacemaker. Prior pacemakers have treated atrial events occurring during the relative atrial refractory period 
as noise. Thus, a P-wave occurring during this time is not recognized as a P-wave, and a subsequent R- 
wave is interpreted as a PVC (even though it is not a PVC, because it was preceded by a P-wave). The 
present invention also treats events occurring during the relative atrial refractory period as noise, but 

30 recognizes that such events could be a P-wave. Hence, a latch is set upon the occurrence of such atrial 
noise events. The setting of this latch prevents any subsequent R-wave from being interpreted as a PVC, 
i.e., the PVC detection circuitry of the pacemaker is disabled until the next ventricular event (R-wave or V- 
pulse) resets the latch. 

Thus, in accordance with this preferred approach, the invention may be characterized as a pacemaker 

35 which includes at least means for sensing atrial and ventricular events, means for generating an atrial 
stimulation pulse, means for generating an atrial relative refractory time interval, means for detecting a PVC, 
means for enabling a PVC response mode of said pacemaker in response to the sensing of a PVC, and 
electronic circuit means for preventing the pacemaker from responding to a false PVC including means for 
generating a latched signal in the event atrial noise is sensed during the atrial relative refractory time 

40 interval and means responsive to the latched signal for causing the PVC detecting means to assume a 
disabled state, this disabled state continuing until the first occurrence thereafter of a prescribed re-enabling 
event, whereby a PVC is not detectable by said PVC detecting means subsequent to the occurrance of 
atrial noise until said re-enabling event occurs. In such a pacemaker, a PVC is defined as two consecutive 
valid ventricular events without an intervening valid atrial event, and the prescribed re-enabling event is 

45 preferably the occurrence of a ventricular event (i.e., an R-wave or a V-puIse). 

Hence a ventricular event occurring subsequent to the occurrence of, e.g., an early atrial event (one that 
happens to fall into the atrial relative refractory time interval), which early atrial event is thus not considered 
by the pacemaker as a valid atrial event (even though it may be a valid atrial event, just an early one), is not 
detected by the PVC detecting means as a PVC because the occurrence of the early atrial event disables 

50 the PVC detection means. While such an approach opens up the possibility that atrial noise (e.g., not an 
early P-wave) may disable the PVC detecting means of the pacemaker and thus prevent a true PVC from 
being detected, it is felt that the consequences of failing to detect a true PVC when in fact one did occur 
are far less significant than detecting a false PVC and responding as though a PVC had occurred. 

A preferred method for terminating a stuck PVC response in accordance with the present invention is to 

55 drop the nth beat of a PVC response cycle. This method thus allows any PVC response, such as the DVI on 
PVC response, or a + PVARP response, to last for only a programmed number (n) of cardiac cycles before 
the PVC response is automatically turned off. The value of n may be any integer value, but will typically be 
at least three and not more than ten. In one embodiment, n is set equal to four. 
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^1^^ ™* Prefenred meth0d may tnus b8 8WBd 38 3 me *od for automatically 
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r nTfr reSP ° nSe *° 1,16 Sensing of a PVC: <» monitori "9 the number of cardiac cycles 
that occur while the PVC response mode is enabled; and (c) disabling the PVC response modeTtS 

nr^lTthl °Z J V f S ^T^ 9 dUring PVC response mode reaches w here n is an integer 
greater than two. Advantageously, this method may readily be used with any of the previously described 
PVC response modes, such as DVI on PVC, + PVARP on PVC. A PACE ON PVC. or any ^7des£ed 

^SZTS' a " OWin9 : eSP8CSVe advante9eS ° f 6aCh PVC response mode to te reaSed 
without concern that the response might become stuck for prolonged periods of time 

• Further the present invention contemplates that other sensing techniques may be used, either alone or 

jn combmatron with each other (or in combination with other sensing techniques! for assuring that a true 

SETS Pr '° r t0 ' nVOkin9 3 PVC reSp ° nSe mode - Such sensi "9 techniques may also be used to 
help determine if an appropriate response to the PVC is being made once the PVC has been detected One 

S ^L Tn^nJ° me f Ur9 * G P u,se - S, '9 na,ure (morphology) of the detected ventricular events. 
Because a normal QRS waveform has a shape and amplitude that is different from a PVC. the normal QRS 

«TnZ* TJT K aVed ^ ? dated P eriodica,, y- as "^ired, and used as a reference to determine 
rf a norma R-wave is being sensed as opposed to a PVC. This technique not only helps identify a true 

™l l ?? b ou,f d ° nCS 3 PV ° reSP ° nSe haS initiated to verif y tnat the PVC response should 
response I aborted* reSP ° nSe ' ** ^ QRS ^ S '' 9natUreS " measured ' * en 

ref^T^TZ teChn ? U o that may be " Sed iS t0 meaSUre retr °9 rade conduction time, sometimes 
referred to as the R-wave to P-wave timing. In a normal pacemaker, this time is disguised by PVARP and 
■s not measured. However in accordance with this invention, this time (i.e., the time between an R-wSe 
and a P-wave occurring during PVARP) is measured. If over several cycles this time is a stable that 
provides some indication that retrograde conduction is present, .n contrast, the lack of a staL inle^a. may 
indicate sinus rhythm, thereby allowing a stuck PVC response to be safely aborted 

imnL'^ST of J he Pr ? sent inVenti ° n t0 pr0vide a Safe «* re,iab,e c 'rouit that can be used within an 
ZS^JJiT T a f\ hat ' mproves the ° f th e pacemaker to distinguish true PVC's from other 

events that have heretofore been interpreted as PVC's, but were not 

A further feature of the invention is to provide such a circuit that prevents a PVC response of the 
pacemaker from becoming stuck. Such feature, in accordance with one embodiment of the inveXn Iws 
a ftZTT ° f Tl I Pacemaker 10 commie for only a prescribed number of consecutive JrSc cyls 
A related feature of the invention allows such prescribed number of consecutive cardiac cyclee to be 
pmgrammably selected, thereby allowing the pacemaker to be customized to suit the needs o7a plrtScuS 

. mr J2 m 0 * er fea !" re u the inve " ti0n pr0Vides A PVC detec « n g and response means for use in an 
implantable i pacemaker that provides a selectable PVC response only if certain events occur to are 
strongly indicative of a true PVC, and that provides no PVC response for events on JwSSta of Z 

may frequency be no response, i.e.. no response different from the normal operation of the paSmaker 
partcu arty where the occurrence of a PVC is questionable. Coupled with this philosophy Is the S to 

Brief Description of the Drawings 

frnm?h«S 0 r and ^ advantaaes fe atures of the present invention will be more apparent 

from ft, following more particular description thereof, presented in conjunction with the following dSngs! 

rp I ic I ^ Pi< L a w ECG " tyP ! WaVeform il,ust r a «"9 the normal AV synchrony of the heart: 
FIG. 2 is a block diagram of an implantable, programmable, dual-chamber pacemaker- 

of a pacemaker to a premature atrial contraction (PAC); P°ssioie response 

FIG. 3C is a similar timing diagram illustrating one possible way in which a PMT may be triooered- 
FIG. 4 ,s a s,m„ar timing diagram illustrating how extending the atria, refractory period may Sde the 
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triggering of the PMT shown in FIG. 3C; # 
FIG. 5 is a composite timing diagram showing how extending the atrial refractory period, as was done in 
FIG. 4, may still cause a PMT to be triggered; 
FIG. 6A is a timing diagram depicting a DVI on PVC response; 

FIG. 6B is a timing diagram as in FIG. 6A illustrating how a DVI on PVC response may prov<de an 
inappropriate response; 

FIG. 7 is a timing diagram depicting A PACE ON PVC response; 

FIG. 8 is a timing diagram illustrating the operation of the preventative portion of a preferred embodiment 
of the present invention, namely, a circuit that disables the PVC detection means of a pacemaker in 
response to sensed atrial events occurring during the relative portion of the atrial refractory interval; 
FIG 9 is a timing diagram illustrating the operation of the PVC response termination portion of a 
preferred embodiment of the present invention, namely a circuit that terminates a PVC response after 

four cardiac cycles; ... *■ 

FIGS. 10A-10C are, in combination, a logic schematic diagram of a preferred manner of implementing 

75 the present invention; , , . n . u 

FIG 11 is a table that defines the various options available when using the circuit of FIGS. 10A-10C by 
selectively setting the first four control bits of the PVC Control Register of FIG. 1 0C; 
FIGS. 12A-12D are timing diagrams that illustrate the operation of the invention shown in FIGS. 10A-10C 
for various conditions; 

FIG 13 is a functional block diagram depicting an alternative embodiment of the present invention that 
recognizes true PVC's by monitoring the morphology of the R-wave and/or measuring/monrtor.ng 
selected time intervals associated with atrial and/or ventricular events; and 

FIG. 14 is a simplified flowchart illustrating one manner in which the processor included in FIG. 13 may 
operate in order to recognize a PVC. 



Detailed Description of the Invention 

The following description is of the best mode presently contemplated of practicing the invention. This 
description is not to be taken in a limiting sense, but is made merely for the purpose of descnbing the 
general principles of the invention. The scope of the invention should be ascertained with reference to the 
claims 

Referring to FIG. 1, there is shown a typical ECG-type waveform illustrating the normal operation and 
cardiac cycle of a heart. Such waveforms may be obtained using conventional skin electrode ECG 
techniques. Alternatively, intercardiac EGG features of modern pacemakers may provide similar ECG 
information through the use of the telemetry features of such pacemakers. Beginning at the left of the 
waveform there is shown a P-wave. This P-wave represents the electrical activity co.nc.dent with the 
depolarization of the atria of the heart. Depolarization of the atria is accompanied by contraction of the atria, 
thereby allowing blood to be pushed from the atria into the ventricles of the heart. While those skilled in the 
art will recognize that depolarization and contraction are not necessarily simultaneous events, they w. II be 
assumed to be simultaneous events for purposes of this patent application, and the terms "depolanzation 
and/or "contraction" are meant to be synonymous. 

A short time subsequent to the generation of the P-wave. the QRS complex appears, representing the 
depolarization of the ventricles. The time period between the P-wave and the QRS wave (often referred to 
as simply an R-wave) is a very important time interval in the operation of the heart because it represents 
the time needed for the blood to flow from the atria into the ventricles. The R-wave is followed by a T-wave, 
which wave represents the electrical activity associated with the depolarization of the ventricles. As known 
to those skilled in the art, the ventricles do most of the work in pumping the blood throughout the body. 
Typically, one heart beat or heart cycle is measured as the time interval between succeeding Reaves, 
simply because the R-wave typically represents the easiest of the waves to identify and measure. A heart 
beat could, of course, be measured relative to any point within the heart cycle, such as between succeed.ng 

T-waves or P-waves. . . 

The important point to recognize is that a certain rhythm or synchrony must occur if the heart is to 
function efficiently. That is, the depolarization of the atria, represented by the P-wave, must be followed a 
short time thereafter by the depolarization of the ventricles, represented by the R-wave. After a sufficient 
delay the atria must again depolarize, followed by the depolarization of the ventricles. If the depolarization 
of the atria or ventricles do not occur naturally, then a pacemaker may be employed to provide stimulation 
pulses to these respective heart chambers, in order to trigger the required depolarization/contraction at the 
appropriate time periods of the heart cycle. 
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20. can be telemetered external to the pacemaker through the telemetry «nd oSZSSJ?!^S 
thereby allowing an attending physician or other medical personnel 6 0 ^1^7^^ ^ ^ ^ 

telemetry and communications circuitry 28 naras over tne 
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other operation of the pacemaker) then a dot is placed on the horizontal line indicating the point in time at 
which the sensed event terminates or resets that particular interval. 

Shown in FIG. 3A are five basic time intervals. These are: (1) the AV interval, or AVI, representing the 
desired time interval between atrial depolarization and ventricular depolarization; (2) the atrial refractory 
5 period, or ARP, representing the time interval subsequent to the generation of an atrial stimulation pulse or 
sensed atrial event during which the atrial sensing circuits may be disabled; (3) the atrial escape interval, or 
AEI. representing the time interval after which, in the absence of naturally occurring atrial activity during 
such interval, an A-pulse is generated and delivered to the atrium (sometimes also referred to as the VA 
interval); (4) the ventricular refractory period, or VRP, representing the interval during which the ventricular 
70 sense amplifier 20 (FIG. 2) is disabled; and (5) the maximum tracking interval, or MTl, representing the 
interval where P-waves will be tracked up to the maximum tracking rate. (The MTl + AVI thus define the 
shortest possible time period of a cardiac cycle, and hence, the maximum possible paced ventricular rate.) 

With the above timing intervals thus defined, the following description of FIGS. 3A-3C can be better 
understood. As indicated previously, FIG. 3A illustrates how a pacemaker is used to maintain a desired 
75 rhythm or synchrony of the heart. For the situation shown in FIG. 3A, it is assumed that the heart being 
stimulated cannot provide its own atrial or ventricular contractions at a suitable rate, and that the pacemaker 
must therefore provide the stimulation pulses required to maintain the desired heart rate. Accordingly, an 
atrial stimulation pulse "A" is provided in order to invoke a contraction of the atrium. This event triggers 
both the A-V interval, AVI, and the atrial refractory period, ARP. A portion of the ARP, designated in the 
20 figures as a dashed line, is an absolute refractory period, meaning that the atrial sense amplifier 18 (FIG. 2) 
is totally blanked or inoperable. A subsequent portion of the ARP, represented in the figures as a solid line, 
may include both absolute (e.g., the first 100 milliseconds) and relative (e.g., the remainder of the period) 
refractory periods. Any signals sensed during the relative refractory period are considered as noise. At the 
termination of the AVI, a ventricular stimulation pulse, V, is generated and applied to the heart. This 
25 stimulation pulse causes the ventricle to contract, as indicated by the inverted R-wave. The generation of 
the ventricular stimulation pulse, or V-puIse, also triggers the beginning of the atrial escape interval, or AEI; 
the ventricular refractory period, or VRP; and the maximum tracking interval, or MTl. At the conclusion of 
the AEI (or V-A interval), there having been no P-waves sensed, an A-pulse is generated in order to produce 
a contraction of the atrium, thereby initiating the next cycle of the heart. Thus, the events previously 
so described begin again and the cycle repeats itself, with a V-pulse being generated after the AVI subsequent 
to the A-pulse, and an A-pulse being generated after the AEI subsequent to the V-pulse. In this manner, the 
desired rhythm of the heart is maintained. 

In FIG. 3B, it is seen that a natural or sinus P-wave is present, and hence there is no need for the 
pacemaker to generate an A-pulse. When the sinus P-wave is sensed, the AVI is initiated, and the 
pacemaker is alert in order to sense if an R-wave will occur. If an R-wave has not been sensed by the time 
the AVI times out, then a V-pulse is generated as indicated. This V-pulse initiates the beginning of the atrial 
escape interval. Prior to the termination of the AEI, a naturally-occurring P-wave is sensed, indicated by the 
dot on the AEI line. The sensing of the naturally-occurring P-wave inhibits the generation of an A-pulse, and 
initiates the beginning of a new AVI, at the conclusion of which another V-pulse is generated. This process 
continues for so long as the heart continues to generate sinus P-waves but fails to produce naturally- 
occurring R-waves. 

FIG. 3B further illustrates one possible response of the pacemaker to a premature atrial contraction, or 
PAC A premature atrial contraction is simply a contraction of the atrium that occurs prematurely or early in 
the normal AV synchrony. The PAC shown in FIG. 3B occurs immediately subsequent to the second T- 

45 wave. The pacemaker responds to the PAC as though it were a sinus P-wave. That is, the occurrence of the 
PAC terminates the atrial escape interval. Further, when a P-wave occurs within the MTl, as does the PAC 
shown in FIG. 3B, a latch circuit is set indicating that the sensed activity is considered a valid P-wave. The 
setting of this latch causes the A-V interval to be initiated at the end of the MTl. At the conclusion of this A- 
V interval, the V-pulse is generated. Once a V-pulse has been generated, the operation of the pacemaker 

50 continues in normal fashion. 

Referring next to FIG. 3C, a timing diagram is illustrated indicating one way in which a pacer mediated 
tachycardia or PMT, may be generated. At the beginning of the sequence shown in FIG. 3C. it is assumed 
that an A-pulse is provided to stimulate a desired atrial contraction. A short time thereafter, subsequent to 
the termination of the A-V interval, a naturally occurring R-Wave is sensed. Hence, no V-pulse is generated, 

55 and the atrial escape interval and other intervals are initiated in normal fashion. However, a short time after 
the sensing of the R-wave, a premature ventricular contraction, or PVC, occurs. For purposes of illustration, 
it is assumed in FIG. 3C that the pacemaker cannot distinguish between the occurrence of an R-wave and a 
PVC That is, the pacemaker simply senses that electrical activity has occurred in the ventricle, and it 
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as a PVC, as is the next R-wave 69, as are all the other R-waves that occur thereafter as a result of normal 
sinus rhythm. Each "detected PVC" maintains the pacemaker in its DVI mode for one more cycle, thereby 
preventing the P-waves from being sensed. Even through a true PVC has not occurred, the pacemaker logic 
interprets the sensed events as a PVC (a "false PVC"), and responds accordingly. Unfortunately, the 

5 situation depicted in FIG. 6B (of not tracking P waves, and hence interpreting sensed R-waves as a PVC) 
may last from seconds to hours, depending upon the pacemaker's particular programmed values and the 
sinus rate (P-wave rate) of the patient. For the situation shown in FIG. 6B, the PVC response lasts for five 
cardiac cycles, this response not being terminated until A-pulse 67 is generated. 

In order to prevent the problem depicted in FIG. 6B (of continually interpreting sensed R-waves as a 

w PVC because the preceding P-waves are not sensed due to the invoked DVI mode), the present invention 
advantageously includes a provision for automatically terminating the PVC response mode after a pre- 
scribed number of cycles. This termination feature is explained more fully below in conjunction with FIG.9.^ 

FIG. 7 shows a timing diagram depicting the prior art technique of responding to a PVC known as "A 
PACE ON PVC". (In the timing diagrams that follow, FIGS. 7, 8, 9, and 12A-12D, note that the T-wave has 

75 been omitted from the ECG signals.) In accordance with this approach an A-pulse is issued with every 
sensed PVC. Thus, in FIG. 7, the occurrence of PVC 72 causes an A-pulse 70 to be issued. For the 
situation shown in FIG. 7, the issuance of the single A-pulse 70 is an appropriate response to the PVC that 
prevents further PVC's from occurring. This is because no intrinsic atrial activity is present. That is, the A- 
pulse 70 resets the timing of the pacer, thereby causing a second A-pulse 74 to be issued at the conclusion 

20 of the V-A delay, and a V-pulse 76 to be issued at the conclusion of the V-V delay (which is one AVI after 
the conclusion of the V-A delay). However, should intrinsic atrial activity be present, there is some likelihood 
that such activity (P-waves) will occur during the atrial refractory period subsequent to the A-pulse 70, and 
therefore not be sensed. Hence, any R-wave thereafter would be interpreted as a PVC, causing another A- 
pulse to be delivered. Also, a complete loss of sensing P-waves may occur due to lead dislodgement. In 

25 either event, such A-pulses may compete with any unsensed intrinsic atrial activity, causing irregular and 
inefficient operation of the heart. Because of this potential for atrial competition, A PACE ON PVC response 
has heretofore been generally disfavored. However, in accordance with the present invention, as explained 
more fully below, such A PACE ON PVC response may be used in (appropriate circumstances, as desired, 
because such response will not continue for more than a few cardiac cycles. 

30 Referring next to FIG. 8, a timing diagram illustrating the operation of the preventative portion of a 
preferred embodiment of the present invention is illustrated. In accordance with this embodiment, a circuit is 
provided, detailed more fully below in connection with the description of FIGS. 10A-10C, that disables the 
PVC detection means of a pacemaker in response to sensed atrial events occurring during the relative 
portion of the atrial refractory period (ARP). For the situation shown in FIG. 8, the pacemaker is operating in 

35 an atrial tracking mode, i.e., providing V-pulses to stimulate the ventricle at the conclusion of the A-V 
interval (AVI) following detection of a P-wave if an R-wave is not detected during the A-V interval. That is, 
the pacemaker provides V-pulses on demand that follow atrial activity by the prescribed A-V interval. 
Hence, if an R-wave is detected prior to the termination of the A-V interval, the V-pulse is inhibited. 
However, for the situation shown during the first three cardiac cycles of FIG. 8, it is assumed that no such 

40 R-waves have occurred. 

Thus, for the first three cardiac cycles shown in FIG. 8, i.e., for P-wave 80, followed by V-pulse 81 (first 
cycle). P-wave 82, followed by V-pulse 83 (second cycle), and P-wave 84, followed by V-pulse 85 (third 
cycle)', the pacemaker operates in the atrial tracking mode as described above, providing stimulation pulses 
to the ventricle on demand. However, at the beginning of the fourth cardiac cycle, a P-wave 86 occurs prior 

45 to the termination of the atrial refractory period (ARP). In a conventional pacemaker, the P-wave 86 is thus 
treated as noise, and is not detected- Hence, a subsequent R-wave 87 would be interpreted as a PVC 
(when, in fact, it is not a PVC). To avoid this possibility, the circuit of the present invention detects P-waves 
during the atrial refractory period (ARP). Any P-waves sensed during the ARP are still treated as noise (i.e., 
their occurrence does not reset the pacemaker's timing circuits as would a sensed P-wave), but their 

so occurrence sets a P-Noise flag, shown as pulse 88 in FIG. 8. The setting of the P-Noise flag 88 disables 
(turns OFF) the PVC detection capability of the pacemaker until an enabling event occurs to re-enable (turn 
ON) the PVC detection capability. The enabling event is the next ventricular event (V-pulse or R-wave). 
Thus, in FIG. 8, the P-Noise flag 88 turns OFF the PVC detection capability of the pacemaker, thereby 
preventing the R-wave 87 from being interpreted as a PVC. 

55 Turning next to FIG. 9, a timing diagram illustrating the operation of the PVC response termination 
portion of one embodiment of the present invention is shown. This embodiment terminates a desired PVC 
response after a programmed number of cardiac cycles. In FIG. 9, the occurrence of a PVC 90 triggers a 
+PVARP on PVC response, meaning that the atrial refractory period, ARP, is extended. For the situation 
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PVC2_0FFA signal that disables further PVC2 responses until a P-wave is sensed. 
V DD A high logic level. 

V ss A low logic level. Many of the signals identified above are generated in conventional manner by 
the pacemaker control logic 12 (FIG. 2), such as PW. RW, WAKE_UP, CHA_V~. MODE — CH, INIT, 
AWARN, PNOISE, etc. Other signals are generated by the logic shown in FIGS. 10A-10C at appropriate 
times as explained below. 

The operation of the circuit shown in FIGS. 10A-10C is controlled by the particular data word loaded 
into the PVC Control Register 120. This data word is received over a bidirectional data bus D(7:0), which 
data bus may be used to transfer other data, as required, throughout the control logic 12 (FIG. 2). Because 
the bus is bidirectional, data may be read from the PVC control register 120 or written thereto, as controlled 
by the R W~ signal, and as timed with a SELECT strobe signal. 

As presently configured, four data bits held in the PVC control register 120 are used to define its 
operating mode. These four bits are identified as B3, B2, B1 and BO. (The other bits, B7, B6, B5 and B4 
rs may be used for other control purposes, not relevant to this invention, or may be maintained as spares for 
future use.) FIG. 11 is a table that defines the options available by selectively setting these first four control 
bits. As shown in FIG. 11, bits BO and B1 determine the particular PVC response that is to be provided. If 
both BO and B1 are "0", all PVC responses are disabled, meaning no PVC response is generated (i.e., the 
PVC OFF signal is generated). Thus, any ventricular signals sensed during this time (PVC — OFF active) 
are treated as R-waves, and the pacemaker responds accordingly. Other combinations of the bits BO and 
B1 define three different PVC options, identified as PVC1, PVC2 or PVC3. More options are possible, of 
course, by using an additional bit (such as B4) to define the combinations. For purposes of FIG. 10A-10C, 
the first PVC option, PVC1, is a +PVARP on PVC. The second PVC option, PVC2, is A PACE ON PVC, 
and the third PVC option, PVC3, is a DVI on PVC. The operation of these three different options has been 
described previously. Conventional logic gates are used to monitor the various combinations of bits BO and 
B1 in order to generate the signals PVC1 . PVC2, and PVC3 in accordance with the pattern shown in FIG. 

11 The bit B2 is used to turn OFF or ON the PVC_TERM option. As defined above, PVC_TERM relates 
to the PVC termination option of the present invention. When ON, any PVC response invoked is terminated 
after a programmed number of cycles, as explained above in connection with FIG. 9. Bit B3 is used as the 

P ARM signal. When active, the P ARM signal forces the PVC2 option (A PACE ON PVC) to be rearmed 

only with a P-wave. When not active, the P ARM signal disables such arming. 

In FIG. 10A, a flip-flop circuit 101 generates the PNOISE signal whenever noise detection logic 100 
determines that atrial activity has been sensed during the relative portion of the atria! refractory period. This 
35 flip-flop circuit 101, which may be a flip-flop that is clocked by the CHA_V~ clock signal, as well as the 
noise detection logic 100, preferrably form part of the pacemaker's control logic 12 used during operation of 

the pacemaker. , . . 

The basic operation of the circuit shown in FIGS. 10A-10C, given the signal definitions above, is better 
understood with reference to the signal timing diagrams shown in FIGS. 12A-12D, which signal timing 
diagrams show representative situations that may occur. Referring to FIG. 12A, for example, a situation is 
shown where the +PVARP ON PVC response is ON (i.e., PVC1 has been selected). The top waveform 
shows the ECG cardiac activity, i.e., an R-wave 130. followed by a P-wave 132 that occurs during PVARP, 
and followed by another R-wave 134. (It is to be emphasized that the timing diagrams shown in FIGS. 12A- 
12D are not drawn to scale.) The P-wave 132 is not sensed, because it occurs during PVARP. Hence, the 
second line, which shows the signal PW (which signal, as indicated above, indicates that a P-wave has been 
detected as processed through the pacemaker's conventional refractory timing and atrial channel noise 
detection logic), does not indicate the sensing of a P-wave. The R-waves, as shown on the third line of FIG. 
12A are sensed, as indicated by the pulses 131 and 135. Because no P-waves are sensed, there is no 
need to interrupt the P-wave pulse generator logic. Hence, no PW_lNT signal is generated (fourth line of 
FIG. 12A). Note from FIG. 10A, that the PW_INT signal is generated by flip-flop 103 within one clock cycle 
(CHA V~) after a PW signal is present. However, because the R-waves are sensed, the RW_JNT signal 
pulseri33 and 136 are generated (fifth line) for the purpose of interrupting the R-wave generator logic. The 
RW INT signal is generated by flip-flop 104 within one clock cycle (CHA__V ) after the occurrence of the 
Rwlignal. The setting of either flip-flop 104 (RW__INT) or flip-flop 103 (PW_lNT) causes flip-flop 102 to 
be clocked. Further, the WAKE_UP signal (which, as indicated above, for VDD or DDD modes, indicates 
that a ventricular event has just occurred) is applied to the reset terminal of flip-flop 102 to ensure that flip- 
flop 102 is reset at this time. When flip-flop 102 is reset, or during other conditions (PVC__OFF or 
PVC2 OFF) a signal PVCENA (seventh line of FIG. 12A) is generated. This signal, when active, enables 
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PVC__RESP low (inactive). (Note, PVARP means "post ventricular atrial refractory period".) 

FIG. 12D illustrates operation of the circuit shown in FIGS. 10A-10C for the situation where a P-wave 
160 occurs during alert (after a normal PVARP). Such occurrence causes flip-flop 103 to generate the 
PW_JNT signal, which in turn generates a PVC_RESET pulse. The PVC__RESET pulse causes a new 
s Bail-Out sequence to begin. That is, the counter 106/107 is reset and begins counting over again up to the 
prescribed number. 

FIG. 13 is a functional block diagram depicting an alternative embodiment of the present invention that 
recognizes true PVC's by monitoring the morphology (e.g., shape) of the R-wave and/or 
measuring/monitoring selected time intervals associated with atrial and/or ventricular events. A sense 

io amplifier 20' senses ventricular depolarization in conventional manner. The output of amplifier 20' is 
sampled, using sample and hold (S/H) circuit 182, at appropriate intervals, e.g., every 1-10 milliseconds. 
Each sample is then digitized using analog-to-digital (A/D) converter 184, and the resulting digital signal 
(digital word) is presented to processor 190. Processor 190 compares each digitized sample thus generated 
with a corresponding previously generated or defined digitized sample of a PVC stored in memory 188. If a 

75 sufficient number of the samples compare favorably, i.e., are approximately the same, then the processor 
assumes that the morphology of the sensed R-wave is approximately the same as the morphology of a 
PVC, as defined by the stored sample values of a representative PVC stored in memory 188. Hence, the 
processor signals the pulse generator and control logic 12' that a PVC has been detected, whereupon an 
appropriate PVC response can be initiated, such as + PVARP on PVC, or DVI on PVC. 

20 The circuit of FIG. 13 also senses atrial activity using atrial sense amplifier 18\ and provides A-pulses 
through drive amplifier 14', as well as V-pulses through drive amplifier 24' , in conventional manner. The 
processor 190 is further adapted to measure and monitor selected time intervals associated with these 
sensed atrial and/or ventricular events, and to use such measurements as a further indication of whether a 
PVC has in fact occurred, and if so, whether a PVC response should be triggered. 

25 FIG. 14 is a simplified flowchart illustrating one manner in which the processor 190 included in FIG. 13 
may operate in order to recognize a PVC. As shown in that flowchart, if a PVC option mode is ON (block 
202 in FIG. 14), then a determination is made, at block 204, as to whether two consecutive ventricular 
events, e.g., R-waves, have occurred without an intervening sensed or paced atrial event. If not, a PVC has 
not occurred, and the normal programmed operation of the pacemaker continues (block 206). If the second 

30 ventricular event is a valid R-wave (block 208), i.e., not just noise, then a PVC may have occurred. Truth 
table 205, included in the upper right corner of FIG. 14, defines what normally determines whether a PVC 
has occurred. However, to further evaluate whether a true PVC has actually occurred in accordance with the 
present invention, any one, or any combination, of a several possible additional tests may be undertaken. 
Because these tests are performed by the processor 1 90, typically based on digital data presented to the 

35 processor, these various tests may be carried out in "parallel". (Those skilled in the art will recognize, of 
course, that the processor, unless comprising multiple processors, actually only performs one processing 
step at any instant of time. But with the processor speeds currently available, it is possible for single 
processing steps for each test to be performed, by jumping from one test to another as required, in such a 
rapid manner that it appears that all of the various tests are performed in parallel.) 

40 A first test that may be performed, as shown in FIG. 14, is to compare the morphology of the sensed R- 
wave with the morphology of a stored PVC, as described above. Essentially, this involves sampling the R- 
wave at controlled increments (block 210); comparing each sample to corresponding stored PVC samples 
(block 212); determining if a match exists for corresponding samples (block 214); and, if so, setting a PVC 
flag, identified as Flag-A (block 216). A second test involves measuring the time interval between the two 

45 consecutive ventricular events (block 21 8). Such time interval measurement is then compared to a range of 
specified times, e.g., 250 to 450 milliseconds, where most PVC's would be expected to be sensed (block 
220). If the test passes (block 220), then a second PVC flag, Flag-B, is set (block 222). Additional tests may 
also be performed, if desired, as represented by the dotted lines in FIG. 14 (blocks 224, 226, 228). If these 
tests are passed, meaning that each test points towards the occurrence of a PVC, then an appropriate flag, 

50 Flag-n, is set for each test, where the integer n represents the flag for the nth test. Once all the desired 
tests have been performed, a determination is made as to whether a sufficient number of flags have been 
set (block 230). If so, an appropriate PVC response can be triggered (block 232), such as any of the 
responses previously described. 

In accordance with this method of detecting a PVC, the setting of any number of flags can. advanta- 

55 geously be selected to indicate the occurrence of a PVC, thereby providing a means for adjusting the 
probability that a true PVC has occurred. For example, if four tests are performed, the setting of any two 
flags from the four tests may be considered sufficient evidence that a PVC has occurred. Alternatively, for a 
more sure indication of a PVC, the setting of any three flags of the four tests may be selected. Similarly, if 
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n^ofnf » Pv?°^ ed ' ?! Settm9 ° f 3ny ^ fla9S fr0m 11,8 *"» tests ma * be con ^ered sufficient 
indication of a PVC. If two tests are performed, the setting of either flag can be used as a PVC-indicatino 

orovS o th. L P ?"TJ he PVC-occurrence criterion. In this manner, a great deal of flexibility I 
provided in the manner in which a true PVC is detected. 

™ £ 52^-*°^ * !* *!? 8880 ** the preS6nt invention pr0vides a ■* and circuit that 

pvciVo^rr'" ^ ; m S a t ntab,e to lm P™ *b ability of the pacemaker to distinguish Z 

PVC s from other events that pnor pacemakers would have interpreted as PVC's, but were not Further 
once a true PVC has been detected, and a prescribed PVC response mode is iated, S preTeni 

ZZ T TTI S SUCh PVC re$POnSe m0de fr0m b8Com(n 9 «"**■ Such fea ture, in accordance with one 
embodiment of the invention allows the PVC response of the pacemaker to continue for only a probed 

™1 r COnse h cu ^ ard ^ Wte> which prescribed number may be programmably selected. As a 

SIp P T° T re ! P ° nSe minimi26S the ,ikeHh00d 0f Bering a pacer mediated tachycardia 
™ ,S I 66 " ' nVenti0n described above advantageously provides a PVC detecting and 

response means that provides a selectable PVC response only if certain events occur that Ire ZnaW 

T^l^T^ T id6S n ° PVC f ° r 9VentS ° n,y restive JSSJSR 

a PVC Hence, the present invention recognizes, unlike the current teachings of the PVC-resoonsive 

*Z£Z nn T ^ £* PVC rGSPOnSe maV ffeqUent,y be no respons *' * ™ resXemeZ iZ 
PVcTlT °h ^ I P r mak6r ' C ° Up,ed *» thlS rec °9 nition is the additional recognition that if a 
PVC response is provided by the pacemaker, such response should only continue for a short time, thereby 
preventing the possibility that the PVC response might become stuck V 

aoo^^VZ e f° n d8SCribed h6rein h3S b8en deSCribed With reference to P articu,ar embodiments and 
^Plication i thereof, numerous variations and modifications could be made thereto by those skilled in the 
art without departing from the spirit and scope of the invention as claimed. 

Reference list 

10 pacemaker 

12, 12 ' pulse generator and control logic 

14 » 14 ' atrial drive amplifiers 

16 atrial lead 

18 « 18 ' atrial sense amplifiers 

20 - 20 ' ventricular sense amplifiers 

22 ventricular lead 

24 » 241 ventricular drive amplifiers 

26 clock circuitry 

28 communication circuitry 

30 memory 

32 reed switch 

39 sinus P-wave 

40 V-pulse 

42 retrograde P-wave 

44 V-pulse 

60 retrograde P-wave 

62 A-pulse 

84 P-wave 

67 A-pulse 

68, 69 R-waves 

70 A-pulse 

premature ventricular contraction (PVC) 

74 A-pulse 

76 V-pulse 

80, 82, 84, 86 P-waves 

81,83,85 V-pulses 

87 R-wave 

88 P-noise flag pulse 
90 PVC 
91.94,98 P-waves 
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92, 96, 99 R-waves 

93 a-c extension of ARP 

100 noise detection logic 

1 01 -108, 112 flip-flop circuits 
5 109a, b NAND gates 

110, 111 latch circuits 

1 20 PVC control register 

130, 134 R-waves 

131, 133, 135, 136 signal pulses 
70 132 P-wave 

139,146,148 R-waves 

140-142, 144, 147, 149 signal pulses 

143 PVC 

145 P-wave 

15 1 82 sample and hold circuit 

1 84 analog-to-digital converter 

1 88 memory 

1 90 processor 

202-232 functional blocks 

2 0 a atrial stimulation pulse 

AE1 atrial escape (VA) interval 

ARP atrial refractory period 

AV1 AV interval 

MTI maximum tracking interval 

25 NAR natural atrial refractory 

PAC premature atrial contraction 

PMT pacemaker mediated tachycardia 

PVC premature ventricular contraction 

V ventricular stimulation pulse 

30 VRP ventricular refractory period 

Claims 

1 An implantable pacemaker having means for sensing atrial and ventricular events, means for generating 
35 an atrial stimulation pulse, means for generating an atrial refractory time interval having a relative 

refractory portion, means for detecting a premature ventricular contraction (PVC), means for enabling a 
PVC response mode of said pacemaker in response to the sensing of a PVC, and electronic circuit 
means for preventing said PVC detecting means from responding to a false PVC comprising: 

means for generating a signal upon the sensing of an atrial event during said relative refractory 
40 portion of said atrial refractory time interval; 

means responsive to said signal for causing said PVC detecting means to assume a disabled state, 
said disabled state continuing until the first occurrence thereafter of a prescribed re-enabling event; and 

a PVC thereby not being detectable by said PVC detecting means subsequent to the occurrence of 
atrial noise until said re-enabling event occurs. 

2 The pacemaker as defined in Claim 1 wherein said re-enabling event comprises a ventricular event, 
said ventricular event including an R-wave sensed by said pacemaker or the generation of a ventricular 
stimulation pulse by said pacemaker, whichever event occurs first after the generation of the signal, 
which is generated upon the sensing of an atrial event. 

3. The pacemaker as defined in Claim 1 or 2, wherein said means for enabling a PVC response mode 
includes means for generating a pulsed signal upon the sensing of each PVC. 

4. The pacemaker as defined in one of the preceding claims further comprising: 
means for monitoring the number of cardiac cycles that occur while said PVC response mode is 

enabled; and _,. , ^ o^ih 

means for disabling said PVC response mode if the number of cardiac cycles occurring during said 
PVC response mode reaches n, where n is an integer greater than two. 



45 



50 



55 
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9. 



Sl S JL d S 8 ?"S flrS i a " S8CoM »»<»« an intervening ana ..enr 

subsequent sensed ventricular events, and if so, for generating sa^^C dSL C * 
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